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Last Lecture - Quick Review

« Semi-conservative: Each daughter DNA gets one old (template) and one new strand.
Conservative & dispersive are other models but later were proved wrong.

* Direction: Bidirectional from origin; synthesis 5'—3', template read 3'—5'.

« Strands:
Leading strand: Continuously synthesized.

Lagging strand: Discontinuous; Okazaki fragments. Fragments need primers, later joined by ligase
using ATP.

* Primers &§ Enzymes:
Primase: Synthesizes short RNA primer (ribonucleotides, uracil instead of thymine).

* DNA Polymerases:

Bacteria: Pol Ill synthesizes until RNA primer; Pol | removes RNA (5'—3' exonuclease) and fills
gaps.

Humans: Pol 6 fills gaps; RNAse H remouves primers; ligase joins fragments.



Last Lecture - Quick Review
Accessory Proteins:

* Sliding clamp (PCNA in humans): Stabilizes polymerases, loads them onto
primers; diagnostic marker for proliferating cells, especially used in cancer
cells detection.

* DNA helicase: Unwinds DNA, creating single-stranded templates.

* SSBPs / Replication Protein A: Bind ssDNA, protect from degradation, prevent
hairpins and renaturation.

« Topoisomerases: Relieve supercoiling.
Type | — cuts one strand

Type Il — cuts both strands; required for chromosome condensation; also, in
sister chromatids separation; target for cancer therapuy.



How accurate is DNA replication?

* DNAreplication MUSTbeaccurate, mistakesare nottolerated, asitis thebasis of life.

* The frequency of errors during replication is only
one incorrect base per 10° nucleotides incorporated.

* How is accuracy high?
 The DNA polymerase can catalyze the formation of the right
phosphodiester bonds between the complementary bases with
the proper hydrogen bonding (accuracy=107).
* Proofreading mechanism (a 3’=>5’ exonuclease activity)
increasing the accuracy to 1073,

e Repair mechanisms (to be discussed later)

Incorporation of G
instead of A

Polymerase excises
mismatched
Gvia3'to 5’
exonuclease activity

Synthesis proceeds with
incorporation of correct
base (A)




Replication fidelity:

Error rate: ~1 mistake per 1,000,000,000 nucleotides.

Human genome: 3,000,000,000 nucleotides per haploid genome — 6,000,000,000 in diploid cells (all 23 chromosome pairs).
Therefore, ~6 mistakes per replication per cell. Extremely accurate.

Where does DNA replication fidelity come from?

1.Properties of the enzyme: DNA polymerases are highly specific enzymes. When the polymerase
encounters an A on the template strand, it incorporates the complementary T. Occasionally, it might try to
insert a wrong nucleotide, like C, but the active site of the enzyme won’t allow it to fit properly. Because of
the shape and hydrogen bonding requirements—A forms 2 H-bonds, C forms 3—the enzyme detects the
mismatch and removes the incorrect nucleotide, replacing it with the correct one. Essentially, the enzyme
“senses” which bases fit together properly.

2.Proofreading mechanism: DNA polymerases have an in-built proofreading function. Imagine the enzyme
writing quickly across 50 pages—when it makes a mistake, it uses an “eraser” to correct it. This is due to the
exonuclease activity in addition to polymerase activity. In bacteria, DNA polymerase | has 5’—3’ exonuclease
activity, but in humans, the exonuclease activity works in the 3’5’ direction. This allows the enzyme to
remove wrongly incorporated nucleotides and replace them with the correct ones during replication.

3.Repair mechanisms: After replication, additional repair systems correct any remaining mistakes, further
ensuring fidelity.

Cool fact: Every cell accumulates 10,000-100,000 errors daily, but repair mechanisms are constantly
working to fix them, 24/7.



Origin of replication (OriC) in bacteria

* Bacterial replication starts at an origin of replication (OriC).

 oriC regions contain repetitive 9-bp and AT-rich 13-bp sequences (These are consensus

sequences which are preserved DNA sequences, found indifferent DNA molecules of different
species. A consensus sequence of genes means the same sequence is found in different

genes, These sequences are important, and they have different functions).

* 9-mer: binding sites for DnaA protein. Not tandem, but are in the same locus

e 13-mers: Tandem AT-rich region - it facilitates separation of the double-stranded DNA.

. . . oriC
@ DnaA protein binds to 9- mers, applies e e
stress on the AT-rich region, and OriC . = J
opens up, because of the weak H-bonding in the 13 bp repeats 9 bp repeats
AT region, instead of GC rich regions. ol
As soon as a ssSDNA region appears, The g?gj r?dNSn\;;aps gggg& e% P - Loadmr?eg::a "
helicase, SSB proteins and primase etc complex regonsoforic > @

jump on, followed by the replication | |
machinery. s \@



Origin of replication (OriC) in bacteria, further explanation

* Toexplaintherepetition pattern:

 Lookatthisdiagram,itshows thatinsideof

theOriCregion there2consensus
sequencesthat arerepeated &function as

. follows:

onC
— — — - — G
L ] L J
13 bp repeats 9 bp repeats
(AT-rich)

oriC DNA wraps Wrapping Loading of
around DnaA denamres AT-rich ssa helicase
complex regions of oriC

e a L g

9mer sequence aka 9 base pairs:

« This consensus sequence is repeated several times no
n-tandemly in different orientations within the
short OriC region.

* It functions as binding sites for the protein DnaA.

« After binding to the 9mers, DnaA wraps the DNA
around it, then it exerts pressure on 13mers(which ha
ve weak interactions between dsDNA)and so, this pre
ssure will cause the AT-rich 13mer
region to open up for replication to start.

Analogy: Think of a balloon: if you press on one
end of the ballon, the other end will inflate.

« This consensus sequence is repeated tandemly in
one direction within OriC.

« Tandemly repeated means repeated one after the

 other with no interruptions.

« These sequences are AT rich, with 2 hydrogen bonds
between A's & T's, so the interaction between the

« two strands isn't very strong.

« This weak interaction functions in facilitating the
separation of dsDNA.
 After the opening of OriC, other molecules will jump

« on the open DNA to create the replication bubble




Origins of Replication - Human Genome

Do humans have origins of replication?
Answer: Yes, each chromosome contains multiple origins of replication.

 Why do human chromosomes have multiple origins?

Answer: The human genome is large, so multiple origins ensure replication
completes efficiently.

* Do human origins have 9-mers or AT-rich 13-mers like bacteria.?

Answer: It's not obuious, until this moment we don't quite know the origins of
replication in human DNA.

* Do we know the exact locations of human origins?
Answer: No, the precise locations are unknown, but some features have been

identified that may help locate them.



Origins of replication in the human genome

* The human genome has about 30,000 origins of
replication with the following characteristics/features:

* G-rich sequences that can form G-quadruplex secondary
structures. (4 G nucleotides form hydrogen bonds with each other.)

* Modified histones that promote chromatin decondensation and activation of
gene expression. The modification

compromises the interaction between histones and DNA
and weakens it, thus DNA opens up more easily.

* Close proximity to actively transcribed gene, to ensure that the important genes DNA will take place.
are replicated earlier than inactive ones.

» Cell-specific, origins of replication in the human DNA are different according to the
cell type, because different cells have different active genes.
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The formation of nucleosomes  Problem#

* In the human genome, there are 4 genetic clusters containing a total of
65 histone-coding genes.

* Nucleosomes are disassembled and reassembled during DNA
replication by histone chaperones, which use recycled and newly
synthesized histones.

Transfer

Leading 72 o /—\ :
1t . _V"; : <>

Replication \ Parent
machinery
Disassembly

Lagging
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The formation of nucleosomes

*This process does not exist in bacteria because only eukaryotic DNA is organized
as chromatin (DNA complexed with histones).

*As DNA doubles during replication, histones must also double to maintain proper
chromatin structure. To achieve this, histones are synthesized via transcription
and translation, processes that cannot occur simultaneously with DNA
replication.

*To solve this problem, there are 4 genetic clusters containing 65 histone-
encoding genes. This allows DNA to be replicated while histone proteins are being
produced from different DNA regions (the clusters) that are not currently being
replicated.

*There is continuous production of histones, as the 65 histone-encoding genes
are actively transcribed.

During DNA replication, histones are removed and then re-added (assembly and
disassembly of nucleosomes). This process is facilitated by histone chaperones.
*Histone chaperones can:

‘Recycle old histones removed during nucleosome disassembly and assemble
them into new nucleosomes.

‘Take new histones and assemble them onto the newly replicated DNA.
30



A problem in the lagging strand

Problem #2

Since DNAis synthesized in an antiparallel
manner, thelagging strand synthesis facesa 3 — - 5

challenge: after primer RNA isadded, and okazaki
fragments are synthesized and ligased, then:

As the growing fork approaches the end of a l Remonal of
linear chromosome, the lagging strand is primens
: 3
not completely replicated. Why? -
. . . Ovexlhangs =
When the final RNA primer is removed, 3
there is no place onto which the DNA >
polymerase can fill the resulting gap leading memes o lihe gap
i i happens because there's No
to the shortening of the lagging strand. pevem Shdrouigrecp
This problem is only in the lagging strands and it happens at awailabletoreplace thefinal
RNA primer withDNA, as DNA

the 2 ends of the chromosome polymerase canonlyaddin5

to3'direction, butitneeds a
free OHgroup froma free3'
FISH endtodosuch.

technique. 31
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The previous slide is just me trying to make it easier
to visualize the problem we are facing.

It's not actually the solution of the problem because
primer RNA can never float and be stable like this.
The real solution is in the following slides.

So please don't get confused, and good luck.



First round of replication Second round of replication  Notice the 3’

RNA primer 3") overhang, the
__removal . : P 9 .
Replication N ) ———7) end of DNAis a
3) g ———0 single-stranded
End of 3:) , 3:) One chromosomeis 3 end, that
chromosome 2 2 shorter than the other. |oops around
sheltrin
. ~. proteins.
RNA primer ; = 3)
removal
: ) ——
3'
5!
Primer
This issue arises at the end of chromosomes (telomers). gap Short
Witheachround of replication, thisunreplicated DNA leads orter
to chromosome shortening. Over time, this affects genome DNA

stability, makingchromosomes more prone to mutations,
breaks,and damage. This process contributes toaging, as
shorter chromosomes destabilize cellsand lead to cell death.
REMEMBER: telomers are important for DNA stabilization.




Telomerase comes to the rescue Tthesotution

« An enzyme (reverse transcriptase) that elongates the lagging strand.

* Telomere DNA sequences consist of many GGGTTA repeats extending about
10,000 nucleotides.

* Telomerase (a reverse transcriptase) prevents the progressive shortening of
the lagging strand. How?

* Telomerase elongates it in the 5’-to-3’ direction using an RNA template

(primer) that is a component of the enzyme itself. Thismakesita

ribonucleoprotein (aholoprotein, part of it composed of protein and theother
part of RNA)

* When the last primer is removed, a 3’-overhang is left. (nextsiice for further explanation)

Nucleotide
_a\ Active Addition (6X)

e R RS L i SR lz I 1
\ 1 Removal of RNA primer
’

\3
11T AL
c ﬁa Tel ic DNA
L elomeric 33

extended by one
repeat unit

Template
Translocation




Telomerase enzyme uses its primer to
elongate DNA. Thisis why it's areverse
transcriptase (usesan RNA template
to synthesize DNA).

Mechanism of Action:

Telomerase binds to 3' overhang and elongates
the DNA at the telomere by repeating the
sequence GGGTTA (which

characterizes telomeres) multiple times.
Once the DNA is elongated, primase

has enough space to add a new primer,
enabling DNA polymerase to

synthesize another Okazaki fragment.
Thisprocess keeps the DNA at telomeres
long enough to stabilize the
chromosome.

Telomeres end with a 3’ overhang, which
issingle-stranded and loopsaround
proteins like shelterin toform a
protective cap.

Thislooping protects chromosome ends

from being recognized as DNA breaks.
(discussed in the genome lecture)

Internal RMNA template

DA synthesis

5! e— GG AGGGTTH| 3
I/rmUCCCﬁAU"\\ &

Telomerase translocation

5! e— GG A GGGTT AGGGTTA| 3
I//_AAUCCEAAU“\\ o

DA synthesis

34



Link to animation :)

Heplication of the lagging strand of a linear
chromosome encounters a problem at the 3' end

5 <
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr gl

Note: Although this animation is good, there are wrong pieces of nformation within it.
Find them.
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https://youtu.be/6jWM8W1BODE
https://youtu.be/6jWM8W1BODE
https://youtu.be/6jWM8W1BODE
https://youtu.be/6jWM8W1BODE

Facts of life about telomerases

Telomere Telomeres become

* Most somatic cells do not have high . [ i e Bt

levels of telomerase and, hence, S e @ e

. = D;

have a finite number of cell A ‘A ®

divisions. T sotn an
* As we grow older, the levels and

activity of telomerase are reduced. 5N/ . \/J -

5 A 7 A a a Time .

* The gradual shortening of the 2 AR AR ki

Cell with Malignant
genetic changes tumour

chromosome ends leads to |
senescence and cell death. CURING

mere Basics:
. a0 Jon Cornedl

0.

* Germline (stemcells) and cancer cells 0 .
express high levels and activity of :

telomerase. Thisis what makesthem

immortal. Aschromosomes do not get
shorter as they divide.




Dolly, the sheep

Thefirst mammal ever tobecloned.

Dolly lived for 6.5
years instead of
the normal 11-12
years.

A donor cell is taken from

a sheep’s udder.

An egg cell is
taken from an
adult female
sheep

¢ __—
The embryo
developes
normally into a
lamb - Dolly!

Donor nucleus

%@E

7

.---"'""-——-.

The nucleus of
the eqqg cell is
removed

3rd
sheep

The embryo
Is placed in
the uterus of
a forster
mother

These two cells are
fused using an
electric chock.

~

/ The fused cell
begins dividing
normally.

Scottish scientists took an egg from a
donor "A" and stripped it from its
nucleus.

Thenanucleusfrom a cellwas taken
from anotherdonor "B". Thenucleus
takenfrom donor "B" was inserted
intotheeggcell from donor "A" and
theegg was fertilized.

Theresulting zygot was implanted
withinathird sheep,and dolly came
outtobeacloneofdonor"A" that gave
up its genetic information to dolly.
Interesting to note that, the DNA taken
fromdonor "A" was 6 years old, so the
telomeres were already shortened, this
was thought to beacontributing
factortowhy dolly lived shorter (her
DNA was already 6yrsold andshe
livedfor 6 additional years)
Butitturnsout thiswasn'tthecase

:)dolly died becauseof an
infection.



Bacterial genome: Circular chromosome
Genome and DNA Organization Eukaryotic genome: Linear chromosomes (with histones)

DNA replication ensures genome stability

Semi-conservative model
Bidirectional replication (replication fork)
Replication Mechanisms
Leading: Continuous synthesis
Leading vs Lagging Strand —<

Lagging: Discontinuous synthesis (Okazaki fragments)

Bacteria: Pol |, Il, Ill
DNA Polymerase —<

Humans: Pol a, 6, €
Primase: RNA primer synthesis

# DNA Replication Overview =" Enzymes and Components Helicase: Strand unwinding
SSB Proteins: Stabilize single strands
Topoisomerase: Prevents overwinding

Ligase: Seals fragments

Proofreading (3'-5" exonuclease activity)
Accuracy Mechanisms —<
Repair systems

= nucleosome assemly an disassembly
Challenges
End-replication problem (telomeres) = Solution: Telomerase activity

Extends telomeres (GGGTTA repeats)

Telomerase Ribonucleoprotein enzyme

Role in aging and cancer High activity in germline and cancer cells
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For any feedback, scan the code or click on it.

Corrections from previous versions:

Versions Slide # and Place of Error Before Correction After Correction
Slide 13 "no room" for DNA polymerase to fill "No room" for DNA polymerase to fill
the gap happens because there's No the gap happens because there's No
upstream 3’ hydroxyl group available | upstream 3’ hydroxyl group available to
& to replace the final RNA primer with | replace the final RNA primer with DNA,
N DNA, as DNA polymerase can only as DNA polymerase canonly add in 5'
VO =2Vl Slide 21 add in 3'to 5' direction. to 3' direction, but it needs a free OH

group from a free 3' end to do such.

At slide 21 the 2 sheep (A&B) got
flipped

V1->V2



https://docs.google.com/forms/d/e/1FAIpQLSfkuUNprJGp518dsj5eDvMj2yp1dVXf_gnqntIjAb-TJNP3nA/viewform
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